Spectra in
characterize the calixarene-phosphine ligands for cluster Ir 4 L 3 (CO) 9 , both when dispersed on the surface of silica ( 31 P CP/MAS NMR spectrum), and when dissolved in CDCl 3 solution ( 31 P NMR spectrum), respectively. Both spectra in Figures S1a and S1b consist of two identical resonances at 18.5±1 ppm and -11.5±1.5 ppm, which are assigned to calixarene-phosphine ligands in the equatorial and axial positions, respectively. When the 31 P NMR spectrum in Figure  S1b was integrated, corresponding to the cluster in CDCl 3 solution, it exhibited a 2:1 ratio for the area of the equatorial to axial phosphine resonances, in agreement with the previously reported structure from single-crystal X-ray diffraction, assuming 31 P NMR signal intensity is proportional to concentration (an assumption that is not generally accurate for 31 P NMR spectroscopy due to NOE effects). [S1] In comparison, the 31 P CP/MAS NMR spectrum in Figure  S2 exhibits a ratio of equatorial to axial phosphine ligands of 1.72. Within experimental uncertainty (CP spectra cannot be quantitatively integrated because resonances can possess different degrees of cross polarization), this ratio is in near agreement with the ratio calculated from data in Figure S13b . Altogether, the identical chemical shifts of the equatorial and axial resonances and similarity of the integration demonstrate the supported Ir 4 L 3 (CO) 9 cluster's phosphorus ligand sphere and Ir 4 framework to be stable on silica, and identical with a solution in organic solvent. Figure S1 . (A) 31 P CP MAS NMR data characterizing Ir 4 L 3 (CO) 9 on dehydrxylated silica and (B) 31 P NMR spectra Ir 4 L 3 (CO) 9 in CDCl 3 at room temperature. 
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File : e:\data\katz\2010\ak10\332\pdata\1\1r Figure S2 . Decomposition of 31 P CP MAS NMR spectrum characterizing Ir 4 L 3 (CO) 9 on dehydroxylated silica shown in Figure S13 . The two resonances at 19.29 ppm (equatorial) and -13.12 ppm (axial) had an area count of 63.2 a.u. and 36.8 a.u. Figure S3 . Parametric plot demonstrating the correlation between the carbonyl bands for the Ir4L3(CO)9 carbonyl cluster supported on dehydroxylated silica and the same clusters dissolved in anhydrous n-decane. y = (1.04 ± 23.3) + (1.00 ± 1.19×10 2 )x Figure S4 . Decarbonylation of terminal (red circles and black squares) and bridging carbonyl (green triangles) bands for silica-supported Ir 4 L 3 (CO) 9 during decarbonylation treatment in flowing helium (helium flow rate = 50 mL/min, 323 K, 1 bar). . Difference spectra (difference spectra were used to substract the silica features) showing decarbonylation of silica-supported Ir 4 L 3 (CO) 9 in the carbonyl stretching region during He treatment. The red spectrum corresponds to the initial supported cluster before helium treatment, whereas the black spectrum corresponds to the supported cluster after 40 h of helium treatment (helium flow rate = 50 mL/min, 323 K, 1 bar). Bands corresponding to dehydroxylated silica support are absent in the spectra because they have been subtracted out. Figure S8 . Difference spectra showing decarbonylation of silica-supported Ir 4 L 3 (CO) 9 in the carbonyl stretching region during H 2 treatment (H 2 flow rate = 10 mL/min and helium flow rate = 50 mL/min, 323 K, and 1 bar). Bands corresponding to dehydroxylated silica support are absent in the spectra because they have been subtracted out. Figure S9 . a) Number of terminal and bridging carbonyl ligands attached to silica-supported Ir 4 L 3 (CO) 9 as a function of time on stream during decarbonylation in hydrogen (helium flow rate = 50 mL/min, H 2 =10 mL/min, 323 K, 1 bar). b) Parametric plot showing the linear relationship between bridging and terminal carbonyl loss during H 2 treatment. Figure S10 . Initial rate of decarbonylation for terminal (a) and bridging (b) with sample in H 2 flowing at 323 K and 1 bar (H 2 flow rate = 10 mL/min and helium flow rate = 50 mL/min) for silica-supported cluster Ir 4 L 3 (CO) 9 . 
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Characterization of off-gas during CO treatment
To further characterize the process of synthesis of the original clusters via CO treatment after H 2 treatment, we used mass spectrometry to analyze the gas-phase effluents formed during the H 2 treatment of supported Ir 4 L 3 (CO) 9 with helium and then with CO at 323 K. The sample temperature was ramped up to 323 K when the helium was flowing, and a strong signal for H 2 was observed by mass spectrometry ( Figure S9 , SI). Once the temperature had reached 323 K, the flowing gas was switched from helium to CO, and subsequently the signal for effluent H 2 increased in intensity, followed by a decay to the baseline value. IR spectra of the solid sample recorded during these processes ( Figure S10a and S10b, SI) demonstrate both the expected decrease in the hydride band intensity and a red shift in the terminal carbonyl band initially observed at 2052 cm -1 , and this band returned to its original position at 2043 cm -1 . Exposure of the sample to flowing CO following the helium treatment restored the other terminal carbonyl band, which was present at 2012 cm -1 initially and at 1994 cm -1 finally. This terminal carbonyl band remained essentially unchanged during the treatment in flowing helium that preceded the treatment in CO. We thus infer that the CO treatment following the helium treatment removed additional hydride ligands, which must have resided at bonding positions different from those characterizing the cluster to which hydride ligands were added by oxidative addition during the decarbonylation with the sample in flowing helium. The cluster with the hydride ligands in the different bonding positions after the CO treatment is characterized by the terminal CO band at 1994 cm -1 . Figure S11 . Water (red) and H 2 (black) mass intensities as a function of time on stream for SiO 2 supported Ir 4 L 3 (CO) 9 (treated with 10 mL/min of H 2 and 50 mL/min of helium for 24 h at 323 K and 1 bar) that underwent treatment in helium flowing at 50 mL/min during a temperature ramp from room temperature to 323 K (3 K/min ramp rate) followed by CO treatment (dashed line) once the temperature had reached 323 K (CO flow rate = 20 mL/min, helium flow rate = 50). Figure S12 . IR spectra of the carbonyl region of supported Ir 4 L 3 (CO) 9 (treated with H 2 flowing at 10 mL/min and helium flowing at 50 mL/min for 24 h at 323 K and 1 bar) during (a) helium (50 mL/min) followed by (b) CO treatment (20 mL/min and 50 mL/min of helium). S12 Figure S13 . Number of terminal (a), bridging (b), and total carbonyls (c) remaining on silica-supported Ir 4 L 3 (CO) 9 as a function of hydride band area during H 2 treatment (helium flow rate = 50 mL/min, H 2 flow rate = 10 mL/min, 323 K, 1 bar). 
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NOTES REGARDING NMR SPECTROSCOPY
NMR spectroscopy for characterization of hydride ligands on single-site supported metals is highly informative, [S2-S6] but the simultaneous characterization of H and CO ligands by NMR spectroscopy on a sample such as ours is challenging because the spectra are complex, since they represent a mixture of compounds upon H 2 treatment, and as such are challenging to interpret. This complexity is compounded by the inherent asymmetry within the cluster (i.e. as discussed in elsewhere [S6] when describing the crystal structure, asymmetry results from having both equatorial as well as axial phosphine ligands, in addition to basal-plane and apical iridium atoms, which involve terminal and bridging CO ligands). This asymmetry creates a large number of sites where hydrogen can bond, and the multiplicity of metal hydride and carbonyl species that can subsequently form, resulting in broad and uninterpretable spectra comprising a complex mixture. 
S16
ELECTRONIC STRUCTURE CALCULATIONS
S17
Computational Method
The geometries of Ir 4 (CO) 9 L 3 clusters were optimized using density functional theory (DFT) [S7] with the SVWN5 [S8-9] functional as this has been shown to provide good geometries for such clusters. L = PMePh 2 was used for the phosphine ligands instead of the calixarene phosphines considering the calculation cost. The optimized geometries were used in single-point DFT calculations with the B3LYP [S10-11] function. We used the DZVP [S12] polarized double-zeta basis set for the light elements, and a relativistic pseudopotential correlation consistent double -zeta cc-pVDZ-pp [S13] basis set for Ir including 60 electrons in the pseudopotential (1s 2 2s 2 2p 6 3s 2 3p 6 3d 10 4s 2 4p 6 4d 10 4f 14 ) and 17 active electrons in the self-consistent field calculations (5s 2 5p 6 6s 2 5d 7 ). The reaction energies in water and n-hexane were calculated with COSMO [S14] solvation model. All the DFT calculations were performed using the Gaussian09 suite of programs. [S15] Structures of Ir 4 (CO) 9 PL 3 , Ir 4 (CO) 8 5.442357 -3.939819 -3.429747 H 7.116992 -4.184540 -2.077167 H 3.642740 -3.530065 -4.563089 H -1.318140 -2.207590 -2.744388 H -0.619515 -3.691101 -2.001289 C -4.047659 -0.657521 0.006995 C -4.514069 -1.928197 -1.998793 C -4.174731 -4.538896 0.222969 C -1.854582 -5.166709 0.542852 H 6.655017 3.440885 0.370651 H 5.885903 -4.569263 -4.212403 C -5.191262 0.109374 -0.212189 H -3.397543 -0.450285 
